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Thirteen high mannose isomers have been structurally characterized within three glycom-
ers, Man5GlcNAc2, Man7GlcNAc2, and Man8GlcNAc2 released from bovine ribonuclease B,
six previously unreported. The study was carried out with a single ion trap instrument
involving no chromatography. Three previously characterized isomers from Man7 and
Man8 (three each) have been identified plus one unreported Man7 isomer. Incomplete
-glucosidase activity on the Man6 and Man7 glycoproteins appears to account for two
additional isomeric structures. The preeminence of ion traps for detail analysis was further
demonstrated by resolving three new isomers within the Man5 glycomer summing to the
six previously unreported structures in this glycoprotein. All reported structures represent
a distribution of Golgi processing remnants that fall within the Man9GlcNAc2 footprint.
Topologies were defined by ion compositions along a disassembly pathway while linkage
and branching were aided by spectral identity in a small oligomer fragment library.
Isomers from this glycoprotein appear to represent a distribution of Golgi processing
remnants, and an alphanumeric classification scheme has been devised to identify all
products. Although numerous analytical strategies have been introduced to identify
selected components of structure, it has been the continued focus of this and previous reports to
only build upon protocols that can be integrated into a high throughput strategy consistent with
automation. Duplication of these and results from comparable standards could bring an important
analytical focus to carbohydrate sequencing that is greatly lacking. (J Am Soc Mass Spectrom
2009, 20, 539–556) © 2009 American Society for Mass SpectrometryLacking a definite endpoint for defining a carbo-hydrate sequence and coupled with the analyticaldifficulties of achieving an exacting structure, a
tradition of reporting has developed without estab-
lished standards. As a consequence, almost any struc-
tural inference appears publishable, including pre-
sumed biological insight. But, as researchers slowly
unravel the details of function, it is becoming apparent
that this relaxed form of reporting is inappropriate and
the goals of exacting structural detail need to be relent-
lessly pursued and corroborated. Advances in the de-
termination of structure are directly related to instru-
mental and technological developments, and for bio-
polymer sequencing, the mass spectrometer has played
a major role. There are numerous adjunct techniques
that complement a glycome analysis; however, this
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doi:10.1016/j.jasms.2008.11.012array of protocols often complicates a comparative
structural evaluation. This can be further confused by
applications on a wide assortment of sample types.
Such diversity of technologies and applications needs to
be focused, contrasted, compared, and brought into
general acceptance before we can advance to the more
challenging problems of biological function. Since many
instrumental components are expensive and technically
demanding, comparative evaluations from one labora-
tory are understandably lacking and it is quite usual to
have a single laboratory position an instrumental ap-
proach energetically. With that inevitability, an alterna-
tive way to evaluate instrument advances or new pro-
tocols would be with a series of standard samples
which can assess progress and potentially discover new
structural features. Recent reports [1–3] have recog-
nized this opportunity and represented protocols with a
structural study of the glycans obtained from bovine
ribonuclease B (RNase B). Although all glycan samples
render the inherent problems of linkage and branching,
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tiple isomers that are often transparent to MS charac-
terization. This observation of isomers is not new, but
its prevalence in common structures [4] and extensive
presence in a diversity of malignant tissues [5] strongly
suggests this component of structure needs greater
attention. For a comprehensive glycan analysis, it may
be appropriate to reason all possible isomers exist
unless proven otherwise.
For a number of years selective strategies and
instrumental approaches have been slowly coalescing
to better understand oligosaccharide structures. Since
the first commercial introduction of ITMS (ion trap
mass spectrometer) equipment in 1995, (Finnigan’s
LCQ and GCQ and Bruker-Franzen’s ESQUIRE), we
have considered this approach as having the greatest
promise for carbohydrate sequencing, and assembled
around this technology a number of simple principles
and understandings that are summarized here. Fore-
most: (1) Samples prepared by methylation and re-
duction position fragments in a glycan array, thus,
termini, extending, and branched components of
structure can be distinctly placed; (2) Selected path-
ways of disassembly can define domains of structure
providing antennal specificity; (3) Metal ions (Na),
enhance sensitivity, fragmentation, and adduct ste-
reo-specifically providing an opportunity to evaluate
monomer stereochemistry; (4) Ion pathways that fail
to define a single topology are an indicator of struc-
tural isomers, which can, in turn, be isolated and
characterized; (5) A pathway of disassembly prefer-
entially releases labile residues providing renormal-
ized product spectra with more comparable stability
and enhanced detection; (6) Collision energies are
effectively enhanced with disassembly, providing
greater structural detail upon progression to fewer
oligomers, (oscillators); and, (7) a searchable library
of fragments anchors the details of disassembly.
Thus, using ion trap MSn, a relational set of fragment
ion compositions are corner-stones to structural under-
standing where each can be simply defined as the sum of
methylated monomers plus or minus any mass change
due to bond rupture at, or near, a former linkage.We refer
to these small mass identifiers as scars, e.g., an open
hydroxyl as in C- and Y-ions, or a [1, 2]-pyranene
residue characteristic of a B-ion. The ability to profile all
ions in a sample glycome coupled with the facility (and
need) to dig deep into product fragments and inquire
about structure detail generates a wealth of data that
requires integrating for sequential meaning. Thus,
bioinformatic tools are being built around this under-
standing, and such tools remain fundamental to handle
the copious data. To approach this problem two strat-
egies are being utilized, a spectral library of fragments
[6] coupled with software tools to furnish a fragment
ion’s composition [unpublished]. A second tool [7] also
couples changes in ion composition with continuity
relationships for each step of an MSn disassembly
pathway. Both tools and the fragment library are guidesthat focus output to provide discrete structures from
multiple possibilities without invoking biological in-
sight, or any other analytical data. In that sense these
approaches perform their analyses de novo with a
backup option to confirm and search spectral products
with the fragment library. We do not have an exacting
measure of how comprehensive or generally applicable
such tools and ion trap MSn will become. With that goal
in mind this report is an attempt to contrast recent
reports using an accepted biological reference standard,
the glycans from bovine RNase B.
Experimental
Sample Preparation
N-linked glycans from 2 mg of bovine ribonuclease B
(Sigma Aldrich, St. Louis, MO) were released enzymat-
ically following directions from the supplier and the
isolated glycans were reduced with sodium borohy-
dride. Methylation was carried out as described [8] and
the dried samples re-suspended in aqueous methanol
[75% (vol/vol)] for MS analysis.
Glycan Analysis
Sequential mass spectra were obtained and con-
trasted on two ion trap instruments, a high capacity
Paul trap (HCTultra PTM Discovery System, Bruker
Daltonics, Billerica, MA) and from a linear ion trap
(LTQ Thermo Fisher Scientific, Waltham, MA). The
Thermo instrument was additionally equipped with a
TriVersa Nanomate nanoelectrospray ion source (Ad-
vion, Ithaca, NY). Signal averaging was accomplished
by adjusting the number of microscans within each
scan, generally ranging between 3 and 20 microscans.
Collision parameters were left at default values with
normalized collision energy set to 35% or to a value
leaving a minimal precursor ion peak. Activation Q
was set at 0.25, and activation time for 30 ms.
Data Analysis
Initial topology and isomer assignments were made man-
ually. Analyst-selected spectra were matched against a
spectral library of permethylated fragments to confirm
fragment ion assignments [6]. Ion fragment pathways
were selected manually by the analyst and then entered
into OSCAR (Oligosaccharide Subtree Constraint Algo-
rithm) to ascertain the compatibility of each pathway with
a set of expected isomeric structures [7].
Nomenclature
The nomenclature used to identify these high mannose
glycans has been cumbersome and a more specific
notation is sorely needed. The system used by Fu et al.,
1994 [9] was based on antennal identification intro-
ps.ed
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isomers were identified as occupying positions on that
template, D1, D2, and D3, (terminal positions extending
each antenna on Man6 from bottom to top, respec-
tively). This nomenclature was recently extended [1] to
include the three Man8 isomers by supplementing dou-
ble labels for the occupied sites, D1D2, D1D3, and
D2D3. Different nomenclature has been introduced to
include the two isomer groups, M7-1, M7-2, M7-3 and
M8-1, M8-2, and M8-3 [3]. Extension of either notation
to represent all processing isomers would not be possi-
ble. Thus, introduced here is an alphanumeric notation
to specifically identify all processing products, first by
ascribing a glycomer number, and second, by occu-
pancy at the six antennal positions beyond the N-linked
core, two columns, (A and B) in three rows as sub-
scripts. With this shorthand notation the Man5GlcNAc2
would be identified as 5A1,2, while the three isomers of
Man7 would be identified as 7A1,2,3B3,7A1,2,3B2, and
7A1,2,3B1. Assuming a uniform biological precursor all
isomer products of processing could be classified by
this simple scheme, (Figure 1). A key to cartoon sym-
bols, representative structures, and fragment masses are
summarized in Table 1. Additional linear notation for a
terminal mannose residue (fully methylated) has been
7A1,2,3B3
7A1,2,3B1
7A1,3B3C3  
Numbering System
For High Mannose
Isomers
COR
5A1,2
β4
5A1,2
5A2,3
5A1,3
5A2B2
T1
T2
T3
T3
Figure 1. Notation of high mannose glycan pr
of empty circles for the Man9GlcNAc2 structur
circles). Center scheme example represents p
outlined. Annotation for isomers outside of
subscript rows 1, 2, and 3. Filled circles depict M
topologies (monomer connectivity) and furth
Identified Man5 structures include three topo
(5A2,3, 5A1,3), and T3 (5A2B2). For Man7, also in
For Man8 two topologies have been identifie
patterns as introduced, http://glycomics.scripindicated with a subscript (tMan-).Results
The Canonical Structure: Man5GlcNAc2 (5A1,2)
The most abundant glycomer to be released from bovine
ribonuclease B has been that of Man5GlcNAc2 and this
structure has been purported to be a single isomer. Se-
quential MS analysis of this ion, m/z 1595.8, (prepared as
the methyl-reduced derivative), was investigated as a
routine check on this readily available sample. The ac-
quired data supported the canonical structure, and these
MSn steps are presented in Figure 2, with pathway sum-
maries in Table 2a, (MS2-6;m/z 1595.9, 1302.6, 1084.4, 866.4,
and 648.2, spectra, Figure 2a–e). Adjacent to each spec-
trum is a proposed structure that accounts for the major
ion fragments.
When using the above pathway as data input, the
output from Composition Finder indicated a consecu-
tive monomer loss of GlcNAcol, (Figure 2a), and three
terminal (fully methylated) mannose residues, (Figure
2c–e), as a consequence of simple glycosidic cleavage,
(Table 2a). Also, the compositions increased by a single
scar for each neutral loss indicating all were branched
residues. Loss from a linear topology would show no
scar increments. The last pathway ion, m/z 648.2, (Fig-
8A1,2,3B2,3
8A1,2,3B1,3
8A1,2,3B1,2
8A1,3B1,3C3
1,2,3B2
1,3B1,3
A             B
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ing products as determined by MSn. Template
rlaid with detected processing isomers, (filled
n of colors and linkages with N-linked core
region identified as columns A and B with
GlcNAc2, 5A1,2. Structures can be divided into
ubdivided into structural isomers (linkage).
s and four structural isomers: T1 (5A1,2); T2
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542 PRIEN ET AL. J Am Soc Mass Spectrom 2009, 20, 539–556with four scars. One scar would be expected from the
first neutral loss in the pathway, (293 u, GlcNAcol),
while the other three must be attributed to the former
mannose sites. This fixes the product ion with three
hydroxyl groups, matching the sodiated mass of m/z
648.2. Topology and linkage of this ion was supported
by MS6, (Figure 2e). This spectrum provided B-ions at
m/z 213 and 403, positioning double, and single branch-
ing (two and one hydroxyl groups; e.g., scars) on the
respective monomers, while the 3,5An-cross-ring frag-
ments at m/z 301.3/273.2, (n  2) and 491.2 (n  3),
identifies a sequence involving the 6- and 4-position in
the core Man-GlcNAc. For each disassembly step, facile
losses provide a normalized product ion spectrum with
more comparable collision stability and a different
metal binding and ionization cross section. These fac-
tors, coupled with the smaller number of monomers
(oscillators) for energy dissipation opens the possibility
of unique fragments that are most likely inaccessible by
tandem MS. A measure of glycan topology (monomer
connectivity) can be accessed by selecting ion pathways
that rupture at critical branch junctions (central core
mannose) that delineate antennae composition. These
details support an isomer with 5A1,2 topology. The famil-
iar m/z 458 ion (Figure 2e) is used to identify core branch-
ing which represents the methylated core disaccharide
Table 1. Key to cartoon symbols and fragment masses as depicfragment with three scars, (HO)2ManGlcNAc, (two hy-droxyl groups and a 1,2-ene). As seen below many of
these small oligomer fragments reoccur in samples and
their spectra are cautiously used as “standards” in a
growing fragment library.
Three Other Structural Isomers: Man5GlcNAc2
(5A1,3; 5A2,3; 5A2B2)
The spectral conclusions summarized for the canonical
Man5GlcNAc2 (5A1,2) structure can be supported by
following alternative disassembly pathways and prod-
uct ion duplication provides assurance for specific
structures (Table 2b, c). But equally as noteworthy has
been the observation that sequential disassembly ex-
poses isomers when product ions are inconsistent with
a presumed precursor [4]. This proved to be the case
during disassembly of 5A1,2, where the MS
4 spectrum
(Figure 2c) showed low abundance fragments, m/z
445.2, 533.3 and 880.4 that could not arise from the
(5A1,2) canonical structure. Such fragments would be
possible from a structure possessing terminal disaccha-
rides as B2-ions, (m/z 445.2), and a very common corol-
lary, an adjacent cross-ring cleavage 3,5A3-ions, (m/z
533.3). Additionally, the fragment m/z 880.4 (204.2 u
loss from the precursor m/z 1084.4, Figure 2c), with
disassembly pathways.ted inthe loss of a terminal and penultimate hexose (218
543J Am Soc Mass Spectrom 2009, 20, 539–556 ISOMER CHARACTERIZATION BY ION TRAP MSFigure 2. Sequential MSn disassembly of the canonical Man5GlcNAc2 (T1, 5A1,2) isomer prepared as
the methyl-reduced derivative, Man5GlcNAcGlcNAcol. Pathways followed appear as inserts in the
top left corner of the spectra (a–e). Fragments accounting for the spectrum are proposed on the
structure to the right as dotted lines. The underlined fragments projecting to the right or left of the
dotted line represent the sodiated ion representing that portion of the structure.
544 PRIEN ET AL. J Am Soc Mass Spectrom 2009, 20, 539–556and 204 u) could not be a fragment product from
5A1,2. To evaluate this aberrant fragment (m/z 880.4), the
ion was selected and disassembled, MS5-7, (Figure 3b–
e), which uncovered a series of product ions indicative
of T2 topology with disaccharide antennae linked from
both the 3- and 6-linked mannose positions (Figure 1). A
Table 2. MSn pathways and topologies, Man5GlcNAc2, m/z 1595series of neutral loss products, (m/z 662.2, 458.1, 268.1),were supported by the identical bond rupture but
exhibiting sodium retention as B-ions, (m/z 445.1,
635.2), (Figure 3b). This latter fragment provided a
composition of Man3 with two scars which could be
accounted for as GlcNAc and tMan neutral losses
yielding the respective B3- and Y4-ions. Such frag-
m RNase B..8 froments indicate a tMan-Man-(HO)Man-GlcNAc se-
545J Am Soc Mass Spectrom 2009, 20, 539–556 ISOMER CHARACTERIZATION BY ION TRAP MSquence. Moreover, linkage between each of the mono-
mers was indicatedwith a 4,0A-ion series, (m/z 301.1, 505.3,
723.4), defining 6-, 6-, 4-interresidue linkages. The ions in
this spectrum (Figure 3b) suggest a composite of three
tetrasaccharide fragments and their proposed structures
are presented to the right of the figure. Two of these
fragments retain a 6-link as suggested by the 0,4A-ion
Figure 3. Sequential MSn disassembly of the M
the methyl-reduced derivative, Man5GlcNAcGl
top left corner of the spectrum. Fragments accou
to the right as dotted lines.series mentioned above, Man(1-6)Man(1-4)GlcNAc, andthe second would be identical with the exception of the
terminal linkage, Man(1-2)Man(1-4)GlcNAc. Thus, the re-
spective precursors must originate from structures with
T2 topology possessing linkage isomers 5A1,3, 5A2,3 (Fig-
ure 1). Isomer disassembly using the m/z 880.4 fragment
filters away two other topologies (T1, T3, Table 2) and
captures the core remnants of two isomeric structures,
lcNAc2 (T2, 5A1,3 and 5A2,3) isomer prepared as
ol. Pathways followed appear as inserts in the
for the spectrum are proposed on the structurean5G
cNAc
nting5A1,3, and 5A2,3.
546 PRIEN ET AL. J Am Soc Mass Spectrom 2009, 20, 539–556Defining Antennal Specific Topologies
(Man5GlcNAc2)
3-Linked Antenna (T2, 5A1,3 5A2,3). A disassembly path-
Figure 4. Sequential MSn disassembly of the
methyl-reduced derivative, Man5GlcNAcGlcNA
left corner of the spectrum. Fragments accountin
the right as dotted lines.way including the fragments m/z 533.3, and 547.2, (3,5A3,B3-
3,5X3, respectively), provided an opportunity to study
the linkage specific details of the respective 6-, and 3-linked
antenna (Fig. 3d-e). The disaccharide pendant on the
5GlcNAc2 (T3, 5A2B2) isomer prepared as the
athways followed appear as inserts in the top
the spectrum are proposed on the structure toMan
col. P
g for3-linked core mannose was isolated with the fragmentm/z
547J Am Soc Mass Spectrom 2009, 20, 539–556 ISOMER CHARACTERIZATION BY ION TRAP MSTable 3. MSn pathways and topologies, Man7GlcNAc2, m/z 1013.5
2 from RNase B.
548 PRIEN ET AL. J Am Soc Mass Spectrom 2009, 20, 539–556547 (Figure 3e, pathway insert) which provided a C2-ion
spectrum of the 3-linked core disaccharide (m/z 463.3).
6-Linked Antenna (T2, 5A1,3, 5A2,3). The 6-linked an-
tenna contributes two linkage isomers with T2 topology.
Figure 5. Sequential MSn disassembly of the M
methyl-reduced derivative, Man7GlcNAcGlcNA
left corner of each spectrum. Fragments accounti
the right as dotted lines.They were characterized through the ion m/z 533.3 (MS6following the pathway (Table 2o) which provided the
product spectrum (Figure 3d). The fragments indicate the
spectrum to posses two disaccharide isomers, tMan(1-
6)Man-, and tMan(1-3)Man- which would be the respec-
tive 6-linked antenna core components of the isomers
GlcNAc2 (T3, 7A1,2,3B3) isomer prepared as the
athways followed appear as inserts in the top
r the spectrum are proposed on the structure toan7
col. P
ng fo5A1,3 and 5A2,3. On the basis of ions present, the core
549J Am Soc Mass Spectrom 2009, 20, 539–556 ISOMER CHARACTERIZATION BY ION TRAP MS3-linked disaccharide appears to be a single tMan(1-
2)Man- structure, (Table 2p, Figure 3e). Their contrasting
spectra are discussed below. Exacting confirmation could
not be assured because C-ions are not in our fragment
library at this time and further disassembly to B-ions
could not be pursued due to a lack of signal.
6-Linked C3-Ion Domain (5A2B2). In the canonical
Man5GlcNAc2 structure an additional point of isomer-
ism could be within the trisaccharide antenna 6-linked
to the core mannose. To check this possibility the
profiled ion (m/z 1595.8) was isolated, fragmented in
two steps to release labile residues (Figure 2c) and the
6-linked antenna was specifically isolated by selecting
the 3,5A-ion cross-ring cleavage of the central core
mannose (MS5, m/z 737.3, Figure 4b). In the renormal-
ized spectrum the C3-ion was the base ion and, as
expected, retained the branched C2-domain with char-
acteristic ions indicating 6- and 3-linkages to a central
Figure 6. Sequential MSn disassembly of isom
prepared as the methyl-reduced derivative, M
inserts in the top left corner of each spectrum. F
on the structure to the right as dotted lines.mannose. However, there was also evidence for a linearisomer within this trisaccharide fragment with B2-, and
C2-ions (m/z 445.2 and 463.2). To confirm these signals
the base ion was isolated (MS6, m/z 667.3) and disas-
sembled which provided a full set of abundant frag-
ments allowing a better characterization of this precur-
sor ion, (Figure 4c). The fragments observed in this
spectrum were characteristic of C-ions, with extensive
rupture to the reducing-end monomer, (0,4A-, 1,4A-,
2,4A-ions; cf. Figure 4c). This triple set of losses, (74, 104,
148 u) was observed at m/z 593.3, 563.3, and 519.1, and
again following the loss of the non-reducing terminal
hexose (218 u) at m/z 449.2, (m/z 375.2, 345.2, 301.1).
These combined losses support a linear trisaccharide
and the absence of a 6-linkage, (expected for the C2-ion
from 5A1,2). Such data argue for a linear T3 topology
within the m/z 667.3 ion. Equally as convincing were the
disaccharide fragments, m/z 445.0 and 463.2. With this
understanding the 3-linked disaccharide was isolated
(m/z 563.3) and disassembled (MS7, Figure 4d) which
Man7GlcNAc2 (T2, 7A1,2,3B2 and T2, 7A1,3B1,3)
lcNAcGlcNAcol. Pathways followed appear as
ents accounting for the spectrum are proposeders
an7G
ragmprovided access to the linkage details of this C-ion
550 PRIEN ET AL. J Am Soc Mass Spectrom 2009, 20, 539–556fragment and the isomer 5A2B2, Man(1-2)Man, (MS
8,
m/z 463.2, Figure 4e).
The Structural Isomers of Man7GlcNAc2 (7A1,2,3
B1; 7A1,2,3 B2; 7A1,2,3 B3; 7A1,3B1,3)
To our knowledge the isomers of Man5GlcNAc2 have not
been reported, and it was the objective of this report to
contrast this non-chromatographic isomer characteriza-
tion with more conventional studies of Man7GlcNAc2
and Man8GlcNAc2 [1–3, 9]. Using an approach identical
to that described for the Man5GlcNAc2 glycomers, five
Man7GlcNAc2 isomers were detected, two previously
unreported. One turned out to posses a new topology
(T3) within the Man7GlcNAc2 series (7A1,3B1,3, Figure 6,
Table 3h, i), and the other Glc1Man6GlcNAc2, could be
a byproduct of incomplete -glucosidase II Golgi pro-
cessing, (7A1,3B3C3, Figure 1 and Table 3q-t). A similar
capped 3-linked antenna was detected in the isomers of
Man8GlcNAc2. These were assumed to be glucose resi-
dues, but this has not been confirmed. The four
Man7GlcNAc2 isomers are represented by three topol-
ogies, two of which were identical due to branching in
the 6-linked antenna, (7A1,2,3B1 and 7A1,2,3B2).
Previously Identified Isomers of Man7GlcNAc2
(7A1,2,3B3; 7A1,2,3B2; 7A1,2,3B1)
The 7A1,2,3B3 Isomer (T1-Figure 5). Sequential disassem-
bly of the methyl-reduced Man7GlcNAc2 precursor (m/z
1013.52) following the pathway (Table 3a, b) identified
the structure 7A1,2,3B3 (MS
9, Figure 5). These results
were evident from the sequential product ion composi-
tions (m/z 1710.7, 1492.6, 1288.6, 1084.4) and their mass
intervals (293, 218, 204, 204). In detail, the first
ion, neutral loss of GlcNAcol, had a sodiated mass
composition equal to Man7GlcNAc with one scar, the
second ion, a neutral loss of a fully methylated man-
nose, tMan, had a sodiated mass composition equal to
Man6GlcNAc2 scars. This increment in scars indicates
the loss originated from a different terminus on the
precursor ion. This was not the case for two subsequent
losses of the third and fourth residues, (m/z 1288.6,
1084.4, Figure 5b). This linear trisaccharide could only
originate from a 3-linked antenna and signify either
7A1,2,3B3 or 7A1,3B1,3 structure (Table 1). Confirming
these results were the single scarred B-ions, m/z 445.2,
and 649.4, (di- and trisaccharide, respectively), and the
absence of any branched fragments, (doubly scarred)
(Figure 5b). Resolving which of the two possible struc-
tures (7A1,2,3B3 or 7A1,3B1,3) required disassembly of the
6-linked antenna. Thus, the 3,5A4-ion, (m/z 737.4), was
isolated and disassembled following the pathway, (m/z
667.3, 449.4, 259.1, Table 3b). The first product ion and
spectra supported a C2-ion (m/z 667.3) structure with a
tMan loss and an absence of any disaccharide B2-, or
C2-ions. The second ion (m/z 449.4) provided a common
library spectral match with fragments supporting atMan B1-, C1-ions and an
O,4A1-fragment (m/z 301.1) indi-
cating a terminal mannose in a 1-6 linkage, Man(1-6)
(HO)Man-OH. Isolation and analysis of the last ion, m/z
259, indicated it to be the C1-ion of mannose. These data
confirm the presence of an isomer 7A1,2,3B3. (Figure 5,
Table 3a, b). Spectral identity was observed with small
oligomers within the library originating from different
biological sources and pathways providing reassurance of
structure. Some spectra have been derived from synthetic
standards; however, the majority of library files originate
from well known biological sources.
The 7A1,2,3B2 Isomer (T2-Figure 6). In devising MS
n
pathways, an evaluation of precursor ions and their
relationships provide clues of connectivity (topology).
Monomer distribution between 6-, and 3-linked antenna
reflected topology and these variations can be assessed
in the core marker ions (3,5An-,
3,5Xm-ions, respectively,
n  4, 5; m  1, 2). Such fragments are more apparent
following neutral loss and renormalization, e.g., Glc-
NAcol, tMan, (cf. Figure 2a–c), and, as detailed with the
previous glycomers, complexity can be resolved by
including such specific ions in disassembly pathways.
This provides a non-chromatographic filter that insures
product-precursor relationships, and when presumed
ion structures fail to match a single topology or linkage
pattern this foretells isomers, (e.g., Man5GlcNAc2 iso-
mers). Examples of this were the B2-, and C2-ions (m/z
445.2, 463.2), when none would be expected (Figure 3),
and the same ions in the Man7GlcNAc2 spectra (even
after the sequential loss of the 3-linked linear trisaccha-
ride, m/z 1084.4, Figure 5b). An additional clue was the
detection of a small m/z 941.6 fragment (Figure 5b), a
6-linked antenna marker fragment 204 u (3,5An-ion, n 
5) greater than that observed for the structures, 7A1,2,3B3
and 5A1,2, indicating a tetrasaccharide at that position.
But, adding a hexose monomer to the 6-linked antenna
while still releasing a linear 3-linked trisaccharide
summed incorrectly and could only mean the presence
of two additional isomers. Isolation of this fragment
(m/z 941.6) and collision analysis (MS6, Figure 6a)
exposed a non-core marker fragment, a 3-linked trisac-
charide, 3,5X3-ion, m/z 547.3, (Figure 6a, cf. Figure 3b),
and this terminal disaccharide was isolated following
the pathway, m/z 871.5, 547.3, 463.2 (Figure 6b-c). This
C2-ion, m/z 463.2, was a library match for the structure,
Man(1-2)Man (Figure 6c), identifying this Man7GlcNAc2
isomer as 7A1,2,3B2.
The 7A1,2,3B1 Isomer (T2-Figure 7). This alternative
extension of the 6-linked branch isomer (above,
7A1,2,3B2)would have an identical topology, but a dif-
ferent structure as a consequence of linkage isomerism.
This isomer was characterized by combining two anten-
nae specific marker ions in the disassembly pathway,
(m/z 941.5, 3,5A5-ion and m/z 505.2,
O,4A3-ion, Table 3n),
which would isolate the terminal upper arm disac-
charide. The product of that pathway, (Figure 7a)
551J Am Soc Mass Spectrom 2009, 20, 539–556 ISOMER CHARACTERIZATION BY ION TRAP MSproved to be identical with the library B2-ion stan-
dard, Man(1-2)Man (cf. 8A1,2,3B1,3).
The 7A1,3B1,3 Isomer (T3, Figure 6). This unreported
isomer had symmetrical topology with trisaccharide an-
tennae extending from the mannose core at the 6- and
3-positions. This was indicated from the respective anten-
nal marker fragments, (m/z 737.4, 3,5A4-ion, and Bn-,
3,5X3-
ion, m/z 751.4). The topology was homologous with the
5A1,3 isomer differing by one monomer (204 u) on each
antenna, (Figure 3b). Confirmation was pursued by isolat-
ing each marker fragment and disassembling the respec-
tive antennae (Figure 6d, Table 3h, i). Analysis of the
6-linked antenna, (m/z 737.4) provided a spectrum identi-
cal with the same mass from isomer 5A2B2, (cf. MS
5,
Figure 4b and MS7, Figure 6d). Further analysis of this
C-ion trisaccharide by selecting the base ion (m/z 667.3) for
disassembly, however, provided a significantly different
spectrum (Figure 6e) than the comparable ion product,
(Figure 4c). This difference must be a reflection of the
structure, Man(1-2)Man(1-6)Man (Figure 6e) in contrast to
the isomer Man(1-2)Man(1-3)Man (Figure 4c). Further
Figure 7. Sequential MSn disassembly of isom
methyl-reduced derivative, Man7GlcNAcGlcNA
left corner of each spectrum. Fragments accounti
the right as dotted lines.characterization of this trisaccharide product (Table 3g-i)showed the disaccharide non-reducing terminus (m/z
463.2) to be identical. These products define the isomer to
be 7A1,3B1,3.
The Structural Isomers of Man8GlcNAc2
(8A1,2,3B1,2; 8A1,2,3B1,3; 8A1,2,3B2,3)
Three Man8GlcNAc2 isomers have been reported [1,
3–6], and these structures differ from a Man9GlcNAc2
glycomer by having one missing -2mannose residue
on the termini of each antenna (Figure 1). Since
several antennae have been previously characterized
in this report, the detailing of subsequent structures
for the Man8 isomers would be a matter of revisiting
those ions. The basic approach was to expose topol-
ogy through the core mannose marker ions followed
by probing the linkage details in the selected do-
mains. However, the 8A1,2,3B1,2 isomer could not be
approached in this manner, because of the greater
lability of the mannose termini which exceeded that
of the [3, 5]A6 marker ion. This required an alterna-
Man7GlcNAc2 (T2, 7A1,2,3B2) prepared as the
athways followed appear as inserts in the top
r the spectrum are proposed on the structure toers
col. P
ng fotive marker ion.
552 PRIEN ET AL. J Am Soc Mass Spectrom 2009, 20, 539–556Man8GNAc2 (T1, 8A1,2,3B1,3). Aswith theMan7 glycomers,
branching within the 6-linked antenna introduced a pair
of isomeric structures that comprised one topological
grouping, (T1, 8A1,2,3B1,3; 8A1,2,3B2,3), and the second to-
pology was represented by a single structure with a
Figure 8. Sequential MSn disassembly of isom
methyl-reduced derivative, Man8GlcNAcGlcNA
left corner of each spectrum. Fragments accounti
the right as dotted lines.shortened 3-linked antenna, (T2, 8A1,2,3B1,2). No additionaltopologies could be envisioned within the footprint of the
Man8 processed glycomers. Thus, the structural isomers of
Man8 were approached in the usual manner by releasing
the terminal GlcNAcol, a 3-linked linear antenna, and
renormalizing the product spectra, (Figure 7 and Figure
Man7GlcNAc2 (T2, 7A1,2,3B2,3) prepared as the
athways followed appear as inserts in the top
r the spectrum are proposed on the structure toers
col. P
ng fo8a–d, Table 4e). The linear trisaccharide loss while main-
553J Am Soc Mass Spectrom 2009, 20, 539–556 ISOMER CHARACTERIZATION BY ION TRAP MSTable 4. MSn pathways and topologies, Man8GlcNAc2, m/z 1115.6
2 from RNase B.
554 PRIEN ET AL. J Am Soc Mass Spectrom 2009, 20, 539–556taining the 3,5A5-ion composition (m/z 941.5) confirmed
the T1 topology and the location of the isomeric linkages.
These product spectra were analogous to the isomer
7A1,2,3B1, (cf. Figure 6a, b and Figure 7, respectively), and
this spectral identity characterized the Man8 isomer as
8A1,2,3B1,3 with a matching B-ion product, Man(1-2)Man,
(MS9, m/z 445.2).
Man8GNAc2 (T1, 8A1,2,3B2,3). The isomeric structure in
the 6-linked domain representing the isomer 8A1,2,3B2,3
was approached in a similar manner using the 3,5An
pathway fragment m/z 941.5. But identical to the Man7
isomer (7A1,2,3B2) a second marker ion,
3,5X3, m/z 547.3
was included in the pathway (Table 4i, j) to isolate the
3-linked disaccharide structure. The spectral identity at
this position for the C2-ion Man(1-2)Man confirmed the
8A1,2,3B2,3 isomer, (Figure 8).
Man8GNAc2 (T2, 8A1,2,3B1,2). This last isomer proved
to be quite different in its activation stability, and
alternative fragment ions had to be considered to define
the structural details. In the previous glycomers we had
relied on the marker ions 3,5An and
3,5Xn-ions to sort
topology in the 6- and 3-linked antenna. These frag-
ments and their correlated mass shifts help identify
markers, but when neutral loss fragments dominate the
spectra this identity is lost. Thus, an alternative ap-
proach is to search for fragments that would expose
elements of structure in a product spectrum. Trimming
labile GlcNAcol, a disaccharide, and tMan residues
provided a series of B-ions that defined a backbone
sequence that could only be understood as an 8A1,2,3B1,2
isomer (Figure 9, Table 4o, p). Particularly defining
were the ion series m/z 505.3; 695.3; 913.4; indicating a
sequence tMan-Man(1-6)(HO)Man(1-6)(HO)Man(1-4)
GlcNAc (m/z 1070.5, Fig. c), and its precursor ion, with
an incrementing terminal disaccharide, (Figure 9b, m/z
1274.5). The only isomer that would fit these fragments
would be 8A1,2,3B1,2.
As mentioned above for the Man7GlcNAc2 isomers, a
glucose capped, 3-linked linear tetrasaccharide
(Hex1Man6GlcNAc2) was also detected in the isomers of
Man8GlcNAc2, (8A1,3B1,3C3, Figure 1 and pathways
Table 4 l-nm). The stereochemistry of this glucose
residue was not specifically determined and only as-
signed on the basis of a 3-linked linear tetrasaccharide
antenna versus trisaccharide in the high-mannose foot-
print. This was coupled with the requisite 3,5An-marker
ions, where n  3 for Man7, (m/z 533.6), and n  4 for
Man8 (m/z 941.5). For both structures, the sequential loss
of a tMan with a product composition of one scar,
followed by three 204 u losses, with no increment in
scars, provided the information for concluding glucose
capping.
Discussion
Protocols to understand carbohydrate structure include
a large list of mass spectral instruments coupled withnumerous ionization techniques, and interfaced with
various chromatographic methods. These provide im-
proved component and mass resolution with differing
strategies to induce fragmentation. Although some gly-
can structures may be better understood with improved
mass accuracy, the transparency of linkage, branching,
and stereochemical features brings new challenges be-
Figure 9. Sequential MSn disassembly of isomers Man7GlcNAc2
(T2, 7A1,2,3B1,2) prepared as the methyl-reduced derivative,
Man8GlcNAcGlcNAcol. Pathways followed appear as inserts in
the top left corner of each spectrum. Fragments accounting for the
spectrum are proposed on the structure to the right as dotted lines.yond ion mass resolution. Combinations of internal and
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and represent the cutting-edge of fixed energy deposi-
tion, and it may be too early to comment on the
advantages such strategies bring to glycan analysis. But,
as the energy of excitation becomes more selective the
general features of activation of all linkage types may be
missed.
In this report we have discussed how ion trap mass
spectrometry can couple precursor isolation with se-
quential disassembly to define glycan topology and
expose isomers in a non-chromatographic understand-
ing of structure. This ion control is a salient feature for
carbohydrate sequencing that allows a focus on glycan
domains (antenna) and subsequently to specific inter-
residue linkages. Disassembly with the ion trap also
carries a different and variable set of physical parame-
ters to induce fragmentation, and this takes place with
each precursor-product step. Another aspect that plays
most importantly into stepwise disassembly is the de-
creasing number of oscillators for energy dissipation
thereby providing effective energy resolution [12].
Thus, structural details inherent to understanding link-
ages are maximally displayed in disaccharides, (cf.
Figure 4a and e). These attributes have been delineated
in this study with RNase B glycans, a paradigm sample
used by many. In repeating this application, it is hoped
that the more comprehensive data presented here
would provide greater insight into the subtleties and
value of the ion trap as a carbohydrate sequenator. For
the Man5GlcNAc2 glycomer three topologies that in-
clude four linkage isomers are detailed, three of which
appear to be unreported. Selected ions indicative of
isomeric structures have been listed in MS2 spectra of
Man5GlcNAc2 where they were apparently assigned
incorrectly [2], and even partially resolved in an ex-
tracted ion chromatogram, although such heterogeneity
was not discussed [1]. The three previously character-
ized isomers of Man7 and Man8 have been also identi-
fied plus one additional unreported Man7 isomer. Two
additional products have been recognized that suggest
incomplete -glucosidase activity in the processing
pathway of the Man7 and Man8 glycoproteome struc-
tures. All isomers have been identified with a single
instrument type without any ancillary techniques of
ionization, chromatographic interfacing, or ion activa-
tion. The lack of detecting sensitivity must account for
the inability of NMR to identify these low abundance
isomers [9], esp., the Man5GlcNAc2 structures, while in
contrast, nanospray static infusion (TriVersa Nano-
Mate) and signal averaging for extended periods ex-
poses unique opportunities to detect trace sample
amounts.
In describing the specific spectra, the stereochemis-
try of monomers were assumed on the basis of their
susceptibility to endoglycosidase release, molecular
weights, and position in the high mannose motif,
Man9GlcNAc2. Where the 3-linked antennae were
capped with an additional hexose, it was understood to
be glucose and a product of incomplete -glucosidase IIactivity. No confirmation by GLC-MS was performed.
For the Man5GlcNAc2 glycomer of RNase B, four link-
age isomers have been detected which fall into three
unique branching topologies. This word topology has
been adapted from the field of mathematics and applied
to delineate glycan connectivity and separate from
identification of linkage isomers. For the glycomers of
Man7GlcNAc2 and Man8GlcNAc2 the three linkage iso-
mers all have a unique topology. The abundance of
individual isomers within the Man7 and Man8 glycom-
ers has been summarized and reported [1, 9, 10].
Providing such information on the basis of fragment
abundance would require information not available
and was not considered. The ability to identify minor
components in a field dominated by other isomeric
structures has important implications for the detection
and tracking of altered cellular processes. The trace
levels initiating function, coupled with the dynamic and
temporal aspects of glycosylation will be the bona fide
structural challenge when contrasted to the tissue gly-
come. Under these circumstances, we anticipate ITMS
instrumentation to be alone in approaching such prob-
lems.
A comprehensive evaluation of a sample glycome
must entail checking for all possible isomers and a low
mass scanning range that includes disaccharides, where
unique structural details could exist. Rarely are glyco-
proteome glycans single structures, but appear to rep-
resent a distribution of multiple topologies and isomers.
This would strongly suggest that tandem MS alone to
be quite inappropriate for providing a comprehensive
structural evaluation. As one of many examples, the
MS2 C2 fragment of Man5GlcNAc2, m/z 667.3 (Figure
2a) was shown to exist as a linear trisaccharide, T3
(Figure 4). Although low in abundance, such fragments
are well within the dynamic range necessary for further
evaluation, and when free frommore facile ruptures are
renormalized for subsequent MSn steps, (cf. Figure 3a
and 3b). Directing disassembly along pathways that
include 6- and 3-linked antennal fragments also insures
specificity, and this was the strategy and pathway that
provided the two isomers within the C2-ion 3-linked
antennal domain of the putative Man5GlcNAc2 struc-
ture (Figure 3a–e). These spectra show prominent B2
and C2 fragments and the expected 6-linked,
4,OA2, m/z
301.1, and 3,4X2, m/z 375.2, and 3-linked
2,4A2, m/z 315.0
fragments consistent with the branched Man1-6(Man1-
3)Man topology. But importantly, the fragments, m/z
227.0, 463.2, 519.1, 533.1 and 563.3, (Y2, C2
2,4A3,
3,5A3,
and 1,4A3, respectively), are separately and collectively
indicating a linear C3 fragment topology (Figure 3a).
The fragment m/z 563.3 specifies the linear extension is
at the 3-position and isolation of that ion, MS6, provided
a spectrum exhibiting glycosidic cleavage at m/z 259.0,
327.2, 345.1, 445.0, and 463.2 (C1, Z2, Y2, B2, and C2,
respectively), (Figure 3b). To focus specifically on the
terminal linkage within this 3-linked antenna, the C2
fragment, m/z 463.2, was isolated which provided the
MS7 spectrum (Figure 3c). Here again, as in the terminal
556 PRIEN ET AL. J Am Soc Mass Spectrom 2009, 20, 539–556disaccharide fragments of the D2 topology, linkage
multiplicity reigns. Fragment ions m/z 227.0, 245.2, and
259.1 (Z1, Y, and C1, respectively), define the glycosidic
ruptures, while the cross-ring fragments for the 3-, and
6-linkage can be easily observed, (m/z 315.1, 389.1, 329.1,
301.1). This provides detailed evidence of linkage iso-
mers at that position with Man5GlcNAc2, in the T3
topology (Figure 1 and Figure 3).
This diversity of RNase B glycans was long sus-
pected. The glycobiology pioneer Professor Akira Ko-
bata, following data published almost 30 y ago re-
ported, “. . . the structures of the sugar chains of
ribonuclease B indicated that the removal of Man1-2
residues in the processing step occurs randomly”, [13].
In 1991 Lee’s group using HPAE chromatography and
PMPMP derivatization demonstrated extensive column
heterogeneity beyond the classical Man5-9GlcNAc gly-
comers [14]. Resolving such complexity was projected
to invite insurmountable difficulties, e.g., “. . . the Iso-
mer Barrier, a persistent technological barrier to the
development of a single analytical method for the
absolute characterization of carbohydrates . . .” [15].
More specifically, “. . . the stereochemical blindness of
mass spectrometry, product ions must first be separated
based upon a physical principle that is not dependent
upon m/z before fragmentation.” [16]. Such skepticism
was based on “. . . a serious problem because they
(isomers) yield sets of substructures after every round
of dissociation where subsequent fragmentation of any
given isolated ion m/z furnishes identical product ion
m/z values” [17]. Clearly, the attributes of ITMS were
not considered when these comments were drafted and
although this report may challenge such reasoning, we
claim no absolutes in structural characterization as we
move ahead. However, it does appear that different
isomeric structures will eventually provide an altered
fragmentation pattern somewhere during disassembly.
Anomeric differences in spectra have been observed,
but a lack of chemically synthesized standards makes
extensive claims inappropriate. Duplication of end-
product spectra pursued by different disassembly
routes, spectral identity from different samples, prepa-
rations, and animal species brings some degree of
confidence for a sequencing strategy that may be com-
prehensive.
An unfortunate aspect of much carbohydrate MS
reporting is the conclusion that if you can not observe a
difference MS/MS spectrum alternative structures are
not present with the corollary that a tandem MS ap-proach supplies a comprehensive answer to structure;
“. . . assignable to unambiguous sequences.” Most wish
carbohydrate sequencing would be that easy.
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